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Some mechanisms of supersymmetry breaking result in splitting of the 
third generation sfermions from the other sfermions. We show that the three- 
body decay branching ratio of the lighter chargino gives a sensitive probe of 
the sfermion mass spectrum if the chargino has a large gaugino component. 



If supersymmetry is the Nature's choice for the solution of the naturalness 
problem, a plethora of new particles should exist just above the weak scale. 
Each known particle is accompanied by its superpartner. The pattern of the 
sparticle mass spectrum reflects the mechanism of supersymmetry breaking. 
One of the interest lies in the generation structure of the sfermion masses. 
Although the neutral kaon system gives a strong constraint that the first 
and second generation squarks should be nearly degenerate or very massive, 
the third generation sfermions are much less constrained. Indeed, in the 
supergravity scenario of supersymmetry breaking, mass splitting of the third- 
generation and the other sfermions results from the renormalization group 
evolution of the masses between the unification scale and the weak scale, even 
if the sfermions have equal masses at the unification scale. This splitting is 
due to the effect of the large Yukawa coupling of the top. The bottom and 
tau sectors are also affected if the parameter tan/3 (the ratio of the two 
higgs vacuum expectation values) is large. There are also arguments that 
first and second generation sfermions can be as heavy as 10 TeV without 
conflicting the naturalness problem, while the third generation sfermions 
have to be rather light. 

Electron-positron colliders are best machines to search for colorless su- 
perparticles. Much effort has been devoted to supersymmetry searches at 
LEP, each time its energy is raised Linear colliders with higher energies 
are in the stage of planning, which would extend the scope of the searches. If 
superparticle mass spectrum is widely distributed, we can hardly expect that 
all superparticles are found at one experiment. Rather, first discovery would 
be confined to one or some of the lighter superparticles, heavier ones being 
beyond the reach of the machine. It would be desirable if one can extract 
some information on the heavier superparticles by studying the properties of 
the lighter ones. 

There are two possibilities of doing this. One is to exploit the supersym- 
metric relations between couplings such as the equality of gauge couplings 
and gaugino couplings. These relations receive corrections from supersymme- 
try breaking which depend logarithmically on heavy superparticle masses . 
This effect (sometimes called the 'super-oblique' correction) has been studied 
recently by several groups 

Another possibility is to look for the effect of virtual sparticle exchanges. 
Unlike the superoblique corrections, this effect vanishes if the superparticle 
mass is large (the decoupling theorem). We find, however, there are cases in 
which this effect is quantitatively important 0. 
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In this paper we present a test case of the latter possibihty. One of the 
hkely first superparticles is the (hghter) chargino, which generally is a mixture 
of the wino and the charged higgsino. Charginos can be produced in pairs in 
e^e~ collisions. If the two body decay channels such as neutralino + W are 
not open, the chargino decays to a neutralino and a fermion-antifermion pair. 
The three-body decay is important in a substantial region of the parameter 
space. In this region, the branching ratio of the modes depends on the 
masses of the intermediate sfermions. The ratio of leptonic and hadronic 
decay rate has been discussed by Oshimo and Kizukuri [1^. We concentrate 
on the leptonic decays in the present paper and study the dependence of the 
branching ratio on the slepton masses, allowing uneqaul selectron/smuon and 
stau masses. The phenomenological consequences of light staus have been 
examined in the framework of the minimal supergravity scenario by Baer et 
al. [0. 



Determination of supersymmetry parameters using chargino pair produc- 
tion has been studied by several groups [12h[15|. It was demonstated in 
these works that the chargino-neutralino sector parameters M2, /i, tan/5 as 
well as the electron sneutrino mass can be deduced from chargino production 
cross sections and various distributions in e^e~ collisions. In this work, we 
assume that these parameters are well determined and concentrate on the 
effect of slepton masses. Feng and Strassler []T3[ and one of us have also 
examined the ratio of leptonic and hadronic branching fractions. 

The chargino-neutralino sector in the minimal supersymmetric standard 
model can be described by three unknown parameters, if one assumes the 
grand unification of the gaugino masses. They are the SU(2) gaugino mass 
M2, the higgsino mass parameter /i, and tan/5. The hypercharge U(l) gaug- 
ino mass Ml is given by Mi = |M2tan^6'iy ~ O.5M2. 

We fix the mass of the lighter chargino Xi (hereafter the chargino) as 
one of the parameters. The remaining two may be chosen as M2I [i and 
tan/5. The composition of is mainly determined by M2I [i. It is mostly 
wino if M2I II ^ 1 (gaugino region) and mostly higgsino — + if 
M2/ ^ ^ 1 (Higgsino region). In the region M2/ ^ ~ 1, xf contains substan- 
tial components of the both. The mixing angles have slight dependence on 
tan/5 and its sign (or equivalently the sign of /x). 

In the gaugino region, the lightest neutralino x? is mostly the bino (hy- 
percharge gaugino) and its mass is about a half of the chargino mass. The 
second lightest neutralino X2 is mostly the neutral wino (an SU(2) gaugino) 
and is nearly degenerate with the chargino. In the higgsino region, the light- 



3 



est neutralino is a higgsino state which almost degenerates with (but hghter 
than) the chargino. The second hghtest neutrahno, which is also a higgsino 
state, lies just above the chargino. 

Now we turn to the decay modes of Xi ■ The final state must contain one 
superparticle in the minimal framework with R parity conservation. We are 
interested in the case that the sfermions are heavier than the chargino and the 
decays Xi ^ f + f are iiot allowed. If the mass difference between Xi and x^ 
is large enough, the chargino decays by emitting a W boson ^ Xi + 
or by emitting a charged Higgs boson (which is usually heavier than the W). 
If these decays are kinematically forbidden, the main decay modes are 

Xi ^ xl + qd + Qu 

Xl-^Xi + ^ + i^ (1) 

where qa (?«) denotes a charge —1/3 (2/3) quark. The two-body decays are 
forbidden if the chargino is lighter than ~ 180 GeV in the wino region, and 
in most of the parameter space in the higgsino region (see Fig. 1). 

Now we concentrate on the three body leptonic decay of the chargino (|I]). 
In the lowest order of the electroweak couplings it proceeds via the exchange 
of W, charged Higgs, slepton, or sneutrino. The Feynman graphs are shown 
in Fig. 2. If the decay is dominated by the W exchange, the branching ratios 
are determined by gauge universality 

Br ^ Bixi ^ XiTiy) ^ Tjxi ^ XiTiy) ^ ^ 

Be Bixl ^ X?ez/) r(xr ^ X?ez/) ^ 

(the lepton masses are neglected). Even when the sfermion exchanges con- 
tribute, the ratio of the branching ratios remains unity if the sfermions of 
different generations have a common mass. Deviation from this prediction 
thus signals the splitting of the third generation sleptons from the first / second 
generations. The H~ exchange is negligible for the decay to electron or muon, 
but not necessarily so for the tau decay, especially when tan /? is large. This 
gives additional fiavor- dependent effect, but it turns out to be not so impor- 
tant. 

If the lepton mass and Yukawa coupling are neglected, only the wino 
component of Xi interacts and the right-hand component of the charged lep- 
ton and the right-handed sfermion totally decouple. The charged Higgs also 
does not contribute. The decay rate in this case depends on one additional 
parameter other than those of the chargino-neutralino sector, which is the 
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mass of the left-handed sleptons {y and are spUt by the D term effect 
proportional to m| cos 2/5). This applies to the selectron and smuon decays. 

For tauonic decay we have to retain the Yukawa coupling (though we 
neglect the kinematic tau mass), through which the right-handed tau/stau 
components and charged Higgs affect the amplitude. We find that the de- 
pendence of the rate on these masses is weak, unless these particles are much 
lighter than the left-handed sleptons. 

We now show the results of the calculation of the r/e ratio. We fix the 
chargino mass m{xi ) = 150 GeV, which is under the real W threshold for 
any M2/ [x. The results are not sensitive to the chargino mass as long as we 
stay below the threshold. The decay rates are calculated for several values 
of M2/ IX and tan/?, varying the slepton masses m{eL) and m{fi^). 

The right-handed sleptons are assumed to be degenerate with the left- 
handed sleptons of the same flavor. The results change very slightly if the 
right-handed sleptons are half as heavy. The left-right mixing is also ne- 
glected. Although the mixing may be substantial for staus, the decay rate is 
essentially determined by the left-left element of the sfermion mass matrix 
in most cases. 

In Fig. 3, we show the r/e ratio for tan/3 = 50 for M2/ fi = 0.1, 0.4 and 1. 
The ratio drastically deviates from unity in the gaugino region, even when 
the slepton mass is much larger than the chargino mass. The ratio can be 
as large as ten in some parameter region, although the sfermions are much 
heavier than the W boson. The reason of this behavior is that the bino, which 
comprise the largest part of the lightest neutralino has no gauge coupling. 
The decay via virtual W occurs either via the small wino component of Xi 
or the higgsino component of both Xi and x5- 

The behavior of the curves in Fig. 3(a) may be understood in the following 
way. If the W exchange is negligible, the branching ratio is controlled by the 
mass of the exchanged sleptons and we flnd 

B,/Be ~ ml/mj . 

This dependence is approximately realized in the lower left region of Fig. 3(a), 
in which both the sleptons are relatively light. In the lower-right region, 
the selectron exchange becomes smaller than the W exchange, so the above 
behavior switches to 

On the diagonal line mg = rrif, we expect Bt/B^ — 1. Slight deviation of 
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the equal branching curve from the diagonal line in Fig. 3(a) is due to the 
charged Higgs exchange (We have taken rriH = 250 GeV). 

The importance of the Higgs exchange can be seen from Fig. 4, in which 
we plot the equal-BR lines Br/ Be = 1 for different Higgs masses. We can see 
that the charged Higgs has little effect if its mass is larger than, say, twice 
as the slept on mass. 

In the mixed region M2/ ^ ~ 1, the sfermion mass dependence is rather 
weak since the W exchange gives dominant contribution (the couplings are 
similar and there is no mass suppression) . In the higgsino region (not shown) 
the sfermion couplings are essentially the Yukawa couplings and the branch- 
ing ratios are insensitive to the sfermion mass. 

In Fig. 5, the ratio B^-/ B^, is plotted for tan /? = 4 and —50. The deviation 
is larger for negative tan/5 (equivalently negative /i). This comes from the 
fact that the higgsino component in Xi is smaller for negative tan (3. The 
deviation is somewhat milder for smaller tan j3. 

To summarize, we have demonstrated that the measurement of the branch- 
ing ratios of the three-body chargino decays can give information on the 
mass of the exchanged sfermions. The flavor nonuniversality of the lep- 
tonic branching ratios implies the flavor nondegeneracy of sleptons unless the 
charged Higgs is light. The effect is especially prominent when the chargino 
is wino-like and stronger for larger tan (3. The flavor dependence of slepton 
masses, which may cast a light to the mechanism of supersymmetry breaking, 
may be thus probed even when the sleptons cannot be directly produced. 

The measurement of the branching ratios does not fix both m(e) and 
m(f). If selectron (therefore electron sneutrino) is not too heavy, the mass 
m{Ve) may be extracted from the differential chargino pair production cross 
section |]14|. If this is the case, determination of both slepton masses is 
possible. 



This work is partly supported by the Grant-in- Aid for Scientific Research 
(No. 08640343) from the Japan Ministry of Education, Science, Sports, and 
Culture. 



6 



References 



[1] J. Ellis and D. V. Nanopoulos, Phys. Lett. HOB, 44 (1982); F. Gab- 
biani, E. Gabrielli, A. Masiero, and L. Silvestrini, Nucl. Phys. B477, 
321 (1996); J. A. Bagger, K. T. Matchev, and R.-J. Zhang, Phys. Lett. 
B 412, 77 (1997). 

[2] M. Dine, A. Kagan, and S. Samuel, Phys. Lett. B 243, 250 (1990); S. Di- 
mopoulos and G. F. Giudice, Phys. Lett. B 357, 573 (1995); A. Pomarol 
and D. Tommasini, Nucl. Phys. B466, 3 (1996); A. Cohen, D. B. Ka- 
plan, and A. E. Nelson, Phys. Lett. B 388, 599 (1996). See, however, 
N. Arkani-Hamed and H. Murayama, Phys. Rev. D 56, R6733 (1997). 

[3] For recent limits, see ALEPH Collab., R. Barate et al, CERN-PPE-97- 
128; DELPHI Collab., P. Abreu et al, Euro. Phys. J. C 1, 1 (1998); L3 
Collab., M. Acciarri et al, CERN-PPE-97-130; OPAL Collab., K. Ack- 
erstaff et al, Euro. Phys. J. C 2, 213 (1998). 

[4] K. Hikasa and Y. Nakamura, Z. Phys. C 70, 139 (1996), 71, 356(E) 

(1997) . 

[5] M. M. Nojiri, K. Fujii, and T. Tsukamoto, Phys. Rev. D 54, 6756 (1996). 

[6] M. M. Nojiri, D. M. Pierce, and Y, Yamada, Phys. Rev. D 57, 1539 

(1998) ; S. Kiyoura, M. M. Nojiri, D. M. Pierce, and Y, Yamada, ^epj 
ph/98032T0| . 



[7] H.-C. Cheng, J. L. Feng, and N. Polonsky, Phys. Rev. D 56, 6875 (1997); 
Phys. Rev. D 57, 152 (1998). 

[8] L. Randall, E. Katz, and S. Su, Nucl. Phys. B Proc. Suppl. 62, 299 
(1998); E. Katz, L. Randall, and S. Su, |hep-ph/9801^ . 

[9] T. Nagano, master thesis, Tohoku University (1997). 

[10] N. Oshimo and Y. Kizukuri, Phys. Lett. B 186, 217 (1987). 

[11] H. Baer, C. Chen, M. Drees, F. Paige, and X. Tata, Phys. Rev. Lett. 
79, 986 (1997). 

[12] T. Tsukamoto, K. Fujii, H. Murayama, M. Yamaguchi, and Y. Okada, 
Phys. Rev. D 51, 3153 (1995). 



7 



[13] J. L. Feng and M. J. Strassler, Phys. Rev. D 51, 4661 (1995). 

[14] J. L. Feng, M. E. Peskin, H. Murayama, and X. Tata, Phys. Rev. D 52, 
1418 (1995). 

[15] J. L. Feng and M. J. Strassler, Phys. Rev. D 55, 1326 (1997). 



8 



1. Mass difference between Xi and x5- The two decay Xi XiW is 
allowed only in the shaded region. 

2. Feynman diagrams for Xi ~^ Xi'^~^- 

3. The ratio Br/Be for m{xi) = 150 GcV, tan/3 = 50, m{H-) = 
250 GeV, with (a) M2//X = 0.1; (b) 0.4; (c) 1. 

4. The equal-BR lines B^/B^ = 1.0 for m{xi) = 150 GeV, Ms/yU = 0.1, 
tan/3 = 50, with m{H-) = 200, 250, 300, 400, 500, 1000 GeV. 

5. The ratio B^/B^ for m{xi) = 150 GeV, Ms/// = 0.1, m{H-) = 
250 GeV, with (a) tan p = -50, (b) 4. 
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